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The thick loess-palaeosol sequences in the Mangshan Loess Plateau (MLP; central China) along the south
bank of the lower reach of the Yellow River provide high-resolution records of Quaternary climate
change. In addition, substantial increases in grain-size and accumulation rate have been inferred in the
upper part of the loess sequence, above palaeosol layer S2. This study investigates the sources of the
long-term dust supply to the MLP and explores the mechanism behind the sudden increase in sediment
delivery and coarsening of the loess deposits since S2 (~240 ka) by using end member modelling of the
loess grain-size dataset and single-grain zircon U-Pb dating. Our results indicate that the lower Yellow
River floodplain, directly north of the MLP, served as a major dust supply for the plateau at least since the
deposition of loess unit L9 and indirectly suggest that the integration of the Yellow River and the
disappearance of the Sanmen palaeolake took place before L9 (~900 ka). The sudden change in sedi-
mentology of the Mangshan sequence above palaeosol unit S2 may result from an increased fluvial
sediment flux being transported to the lower reaches of the Yellow River because of tectonic movements
(initiated) in the Weihe Basin around 240 ka. Furthermore, sediment coarsening can be explained by the
gradual southward migration of the lower Yellow River floodplain towards the MLP since the deposition
of palaeosol S2. The migration is evidenced by the formation of an impressive scarp, and is likely caused
by tectonic tilting of the floodplain area.
© 2018 Elsevier Ltd. All rights reserved.1. Introduction
Quaternary loess-palaeosol sequences are widespread in the
Chinese Loess Plateau (CLP) of northern China. The sedimentolog-
ical characteristics of these wind-blown deposits provide a
powerful tool for the reconstruction of the past atmospheric cir-
culation pattern and climate change (Liu, 1985; Kukla, 1987; Ans and Geography, P.O. Box 64,
vu.nl (Y. Shang).
the Arctic University of Nor-
ay.et al., 2001; Porter, 2001). A SE-ward decreasing trend in grain
size, unit thickness and inferred sedimentation rate is recognised in
the CLP loess sequences (Liu, 1985; Pye, 1995; Liu and Ding, 1998;
Ding et al., 2002; Nugteren and Vandenberghe, 2004; Prins and
Vriend, 2007). Two factors mainly control grain-size variations
within the CLP, namely the strength of transporting winds and the
locations of the source areas. Therefore, the sedimentary charac-
teristics of the wind-blown deposits allow us to assemble infor-
mation concerning past atmospheric circulation patterns and the
distance to the source area. Previous studies suggested that the
deserts and arid lands north and northwest of the CLP are the main
source area of the CLP loess deposits (Liu, 1985; Derbyshire et al.,
1998; Lu and Sun, 2000; Sun, 2003; Nugteren and Vandenberghe,
Y. Shang et al. / Quaternary Science Reviews 182 (2018) 131e1431322004; Ding et al., 2005). However, recent evidence based on single
grain zircon U-Pb dating found a genetic link between the Yellow
River and loess sediments. These results emphasise the important
contribution of reworked fluvial detritus delivered by the Yellow
River from the NE Tibetan Plateau to the CLP (Stevens et al., 2013;
Bird et al., 2015; Nie et al., 2015; Licht et al., 2016; Zhang et al.,
2016).
The Yellow River is the second longest river of China, with a total
length of 5500 km. It originates in the northeast Tibetan Plateau
and runs eastwards around the Ordos block and the North China
Plain before discharging into the Bohai Sea (Fig. 1). The river course
has traditionally been divided into upper, middle and lower rea-
ches, with Hekou town in Inner Mongolia marking the upper/
middle reach boundary, and Mengjin of Henan province the mid-
dle/lower reach boundary of the river (Fig. 1). As the most
sediment-laden river in the world, the Yellow River delivered more
than one billion tonnes sediments each year to the sea betweenFig. 1. (a) Digital elevation model (DEM) map of northern China showing the Yellow River, C
the direction of winter monsoon winds. The red letters indicate the boundary of upper, midd
on the CLP referred to in the text and the white dots indicate the previous published Yellow
representative for the upper, middle and lower reaches of the Yellow River respectively. (b) M
the Yellow River. The red triangle marks the MLP. The black dots show samples collected
Detailed sample description is presented in Table S3. HDG is abbreviation for Huangdigou,
MS2008E on the MLP of this study marked with red triangles. Figure (c) is produced w
interpretation of the references to colour in this figure legend, the reader is referred to the1951 and 1979 (Wang et al., 2015). Its sediment load increases most
markedly in the middle reach, near the CLP and gradually declines
downstream.
Geological surveying has identified a palaeolake in the Weihe
Basin, with its eastern boundary at the Sanmen Gorge (AFSOM,
1988; Jiang et al., 2007). It has been suggested that the Sanmen
palaeolake formed ~5 Ma (Wang, 2002) and was drained when the
Yellow River started to cut the Sanmen Gorge, leading to the for-
mation of its modern course (Jiang et al., 2007; Zheng et al., 2007;
Wang et al., 2013). The proposed timing of the incision of the gorge
varies from late Miocene to Pleistocene (Lin et al., 2001; Wang,
2002; Jiang et al., 2007; Wang et al., 2013; Kong et al., 2014; Hu
et al., 2017), and Rits et al. (2017) concluded that the Sanmen
Lake did not exist during the last ~1 Myr. The cutting of the Sanmen
Gorge allowed the release and transport of substantial volumes of
reworked loess towards the lower reaches of the river. As a result,
large fluvial fan systems were created east of the Sanmen Gorgehinese Loess Plateau (CLP) and Mangshan Loess Plateau (MLP). The grey arrows indicate
le and lower reaches of the Yellow River. The white triangles indicate the loess sections
River samples of zircon U-Pb ages (Nie et al., 2015). Samples 1e11, 12e13 and 14e15 are
ap showing the zircon sampling sites in the Weihe Basin, middle and lower reaches of
within this study while the white dots represent samples cited in Kong et al. (2014).
where SM-T3 and SM-lake being collected. (c) Loess section MS2006, MS2008W and
ith Google Earth Imagery © 2017 TerraMetrics. Data © Europa Technologies Ltd. (For
Web version of this article.)
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crucial for understanding the “source-to sink” process, influenced
by tectonic activity and climate change at both a regional and global
scale. However, the geological history of the Yellow River remains a
topic of debate and active investigation, particularly for the
development of its drainage system in its middle and lower reaches
(Lin et al., 2001; Wang, 2002; Jiang et al., 2007; Pan et al., 2011;
Wang et al., 2013; Kong et al., 2014; Hu et al., 2017; Li et al., 2017).
Thick, continuous loess-palaeosol records of exclusively aeolian
origin have been found on the Mangshan Loess Plateau (MLP) (Wu
et al., 1999; Jiang et al., 2007; Zheng et al., 2007; Qiu and Zhou,
2015) which is located along the lower reach of the Yellow River
(Fig. 1). Here the loess deposits above palaeosol S2 (equivalent to
MIS 7, ca. 225 ka) are significantly thicker than loess deposits on the
CLP. For instance, the deposits of L1-S1-L2 of Xifeng, Luochuan and
Lantian are between 10 and 20m thick, whilst those at Mangshan
are ~86m thick. Consequently, sedimentation rates and mass
accumulation rates are significantly higher at the MLP than in the
central CLP (Prins et al., 2009). In addition, the upper part of the
Mangshan record displays extremely high sedimentation rates and
a coarser composition compared to its lower part, suggesting a dust
supply from a more proximal source, i.e. the lower Yellow River
floodplain (Wu et al., 1999; Jiang et al., 2007; Zheng et al., 2007;
Prins et al., 2009). Study of the provenance and sedimentological
variations of theMangshan loess recordsmay therefore assist in the
understanding of the mechanisms associated with dust supply
from the Yellow River to the MLP and the drainage system devel-
opment in the river's middle and lower reaches.
In this paper, the first record of single grain zircon U-Pb chro-
nology of the Mangshan loess-palaeosol sequence is presentedFig. 2. (a) Palaeosol (S0, S1/ S5) and loess (L1, L2/ L6) stratigraphy in section MS2006 with
the MS2006 section, (c) the proportional contribution of the end members against depth. Th
(d) the oxygen-isotope composite record from Dongge, Sanbao and Hulu caves in central Chi
July) insolation at 65N (Berger, 1978), and (e) the stacked marine benthic oxygen-isotope
sponding interglacial stages/marine isotope stages (MIS). The tie points linking the loess-pa
~130m thick and is a composite of record X (0e59m; Prins et al., 2009) and record Z’ (59e(Figs. 2 and 5), from the Holocene soil S0 through L6 and L9) and is
compared with the U-Pb age signature of possible sources,
including the upper, middle and lower reaches of the Yellow River
deposits, the CLP loess, as well as river sediments from the nearby
Taihang Mountains and Qinling Mountains. By combining the
provenance age distributions with a mixing model of the grain-size
distribution data (Figs. 2 and 3) and a dust flux model (Fig. 4) of the
Mangshan sequence(s), it is intended to 1) characterise the
contribution of subpopulations of the sediments and their corre-
sponding transporting processes based on the grain-size dataset, 2)
investigate the provenance signal of the Mangshan loess,
comparing it to potential source areas (Fig. 6) and quantify their
contributions (Fig. 7), and 3) discuss the mechanisms controlling
sedimentology and provenance variations of the Mangshan dust
during the Pleistocene and Holocene. The results also have impli-
cations for the evolution of the Yellow River system and the age of
the Sanmen palaeolake.
2. Material and methods
2.1. Sites, samples and sediment analyses
The MLP lies 25 kmwest of Zhengzhou on the south bank of the
Yellow River (Fig. 1). The loess plateau is about 18 km in length (W-
E) and 5 km in width (N-S), with its highest point reaching
approximately 150m above the Yellow River floodplain (Fig. S1).
The deposits consist of a number of loess and palaeosol alternations
with a total thickness of ~170m (Jiang et al., 1998, 2004, 2007; Ji
et al., 2004; Zheng et al., 2007). Zheng et al. (2007) showed that
the upper part of the sequence (0e97m, including palaeosols S0, S1black dots indicating the levels of zircon samples; (b) median grain size distribution of
e age model of MS2006 is based on tuning to the following ‘target curves’ (time series):
na (Cheng et al., 2009, 2016; Wang et al., 2008), here superimposed on the summer (21
record (Lisiecki and Raymo, 2005). The grey bars indicate palaeosol layers and corre-
laeosol record to the target isotope curves are listed in Table S1. Section MS2006 (a) is
130m; Zheng et al., 2007; see also Prins et al., 2009).
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sedimentation rates (on average 40 cm/kyr) in comparisonwith the
lower part of the profile (97e165m; palaeosols S3-S10, loess units
L3-L10) (see also Fig. S1).
Here the grain-size, magnetic susceptibility, carbonate content
and organic matter records for the loess-palaeosol sequences are
presented, based on samples from two localities (Fig. 1 and Figs. S1,
S2 and S4). The northern (‘proximal’) loess section, here referred to
as MS2006 (3457.50 N, 11322.20 E) (Fig. 1c), is exposed on the
northern slope of the plateau, where the Yellow River and local
gullies cut through the loess forming a valley with steep cliffs.
Section MS2006 is ~130m thick (Fig. S2) and is a composite of re-
cord X (0e59m; Prins et al., 2009) and record Z’ (36e130m; Zheng
et al., 2007; see also Prins et al., 2009), analysed at a 10-cm (X:
0e59m) and 20-cm resolution (Z’: 59e130m). The grain-size,
organic matter and carbonate profiles of records X and record Z0
for the overlapping interval 36e59m indicate the similarities be-
tween records X and Z’ (Fig. S3). The uppermost S0-L1-S1 loess-
palaeosol complex has also been sampled at a more southern
location, about 2.0e2.7 km south of theMS2006 section (Fig.1c and
Figs. S1 and S4) to study the impact of increasing distance with
respect to the Yellow River. The two sections MS2008W (3456.40
N, 11322.20 E) and MS2008E (3456.10 N, 11322.40 E), ~34 and
~14m thick, respectively, have been sampled in 26 partly-
overlapping vertical trenches at a 10-cm resolution.
2.2. Magnetic susceptibility, carbonate and organic matter analysis
The samples were dried in an oven (50 C), lightly ground and
aliquots of ~8 g were analysed using a Bartington MS2 magnetic
susceptibility meter at the School of Ocean and Earth Sciences,
Tongji University (Shanghai). The organic matter and carbonate
content of aliquots of ~2 g of these samples were analysed by
thermo-gravimetric analysis (TGA), using a Leco TGA 601 at the
Vrije Universiteit Amsterdam (VUA). Derivative weight loss curves
most clearly indicate the temperature intervals during which
weight loss is most apparent: replicate tests performed on the loess
samples indicate that the temperature interval during which
organic matter and carbonate minerals disintegrate is from 200 to
550 C and 700e1000 C, respectively.
2.3. Grain-size analysis and end-member modelling
The Mangshan loess samples for grain-size analysis were pre-
pared following the methods described by Konert and
Vandenberghe (1997), with organic matter and carbonates being
removed. All the measurements were performed on a Fritsch
Analysette 22 laser particle sizer at the VUA resulting in a grain-size
distribution with 56 size classes in the size range 0.15e2000 mm.
A mixing model of the combined Mangshan grain-size distri-
bution dataset (n¼ 1931, from sections MS2006, MS2008W and
2008E) was constructed with the inversion algorithm for end-
member modelling of compositional data EMMA (Weltje, 1997).
EMMA is a non-parametric numerical-statistical technique and its
advantage over the parametric curve fitting approaches, e.g. Wei-
bull (Sun et al., 2002, 2004) or log-normal (Xiao et al., 2009, 2013) is
that it does not require any prior knowledge about the grain size
controlling processes (Weltje and Prins, 2007). This method has
proven to be powerful in distinguishing aeolian from fluvial sedi-
ments in various marine settings (e.g. Prins and Weltje, 1999; Prins
et al., 2000; Stuut et al., 2002, 2014; Deplazes et al., 2014) and in
partitioning multiple transport/deposition processes of Quaternary
loess from the CLP (Prins and Vriend, 2007; Prins et al., 2007;
Vriend et al., 2011; Shang et al., 2017). Details of the technical as-
pects of the end-member modelling algorithm are given in Weltje(1997), Prins and Weltje (1999) and Weltje and Prins (2003). Prins
et al. (2009) already applied this approach to the grain-size data of
the upper 60m of the MS2006 section (Fig. 3d). In this study, a new
mixing model expressing the loess samples from all three sections
as mixtures of three end members has been produced.
The EMMA approach involves two modelling stages. In the first
stage, the number of end members (EMs) is estimated on the basis
of the mean and/or median coefficient of determination statistics
(r2, Fig. 3a). The coefficients of determination represent the pro-
portions of the variance of each variable (size class) that can be
reproduced by the approximated data (Fig. 3b). In principal, the
simplest model is chosen when the r2 shows satisfactory goodness
of fit (usually r2> 0.8, e.g. Fig. 3a). In the second modelling stage,
the compositions of the end members are estimated (Fig. 3c) and
the proportional contributions of the end members in the analysed
samples are calculated (Fig. 2c).
2.4. Age model and dust flux calculations
Peterse et al. (2011) presented an age model for the upper
0e60m (S0-L1-S1) of the sequence in section MS2006, and sec-
tions MS2008W and MS2008E based on the correlation of the
typical loess proxy records, i.e. magnetic susceptibility, carbonate
content and grain size, with the U-230Th dated oxygen isotope re-
cords from Dongge, Sanbao and Hulu caves in central China (Cheng
et al., 2009; Wang et al., 2008). Following a similar approach, we
extended the age model for the upper 130m (S0-L6) of the loess-
palaeosol sequence MS2006 (Fig. 2a, b, c) based on the correla-
tion of loess proxy records with the newly published speleothem
records extended to 640 kyr B.P. in central China (Fig. 2d; Cheng
et al., 2016, and references therein). The inflection points in the
loess proxy records have been used as tie points between the loess
record and the MIS boundaries recognised in the stacked speleo-
them d18O record. The depth and ages of the 11 selected time
control points are listed in Table S1. Simultaneously, the loess-
palaeosol sequence was also visually correlated with the stacked
benthic oxygen isotope record (Lisiecki and Raymo, 2005)
assuming that the palaeosols layers (S0, S1 / S5) correlate to
interglacial Marine Isotope Stages (MIS1, 5 / 13e15) and the loess
layers (L1, L2 / L5) correlate to glacial Marine Isotope Stages (MIS
2e4, 6/ 12) (Fig. 2e). Although a fully independent age control for
the complete studied sequence is missing, a recent study by Qiu
and Zhou (2015) provided OSL ages for the upper ~120m of
another section (covering the S0 to S5 interval) on the Mangshan
Plateau. Their independent age model (based on the application of
an elevated temperature post-IR IRSL (pIR200IR290) SAR procedure
to polymineral fraction) is very similar to our findings presented in
Fig. 4 indicating that our age model suffices for the purpose of dust
flux calculations.
Mass-accumulation rates (MAR, in g/cm2/ka) of the well-
constrained loess (L1, L2 / L5) and palaeosol (S0, S1 / S5) units
of sections MS2006 and MS2008W were calculated according to
Prins and Vriend (2007):
MAR¼ SR BD (1)
Where SR is the sediment accumulation rate (in cm/ky), and BD
is the sediment dry-bulk density (in g/cm3). SR values were
calculated based on the age estimates (Table S1) and sediment
thickness values for each of the loess and palaeosol intervals
(Table S2). BD values of 1.48 g/cm3 were used (cf. Kohfeld and
Harrison, 2003).
Fractionated mass-accumulation rates (fluxes) for the modelled
end members (FEM-x, in g/cm2/ka) were calculated according to
Prins and Vriend (2007):
Fig. 3. End-member modelling results of the composite MS2006 section. (a) The mean/median r2 across the full-size range as a function of the number of end members (q). (b)
Coefficient of determination (r2) statistics for each size class for end-member models (EMM) with 2e5 end members. (c) Modelled end members according to a three-end-member
model representing sandy loess (EM-1, modal size ~63 mm), silty loess (EM-2, modal size ~37 mm) and clayey loess (EM-3, modal size ~26 mm) for the composite MS2006 section in
this study, (d) the last glacial-interglacial sequence (S0-L1-S1) from the Mangshan Plateau (Prins et al., 2009) and (e) the Chinese Loess Plateau (Prins and Vriend, 2007).
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Where pEM-x is the proportional contribution (dimensionless) of
end member EM-x, and
PEM3
x¼EM1px ¼ 1.
In these calculations it was assumed that the loess-palaeosol
samples are entirely composed of siliciclastics, which is just a
first-order approximation as the contribution of other (non-silici-
clastic) sediment phases like (detrital, pedogenic) carbonates and
organic carbon has been ignored.2.5. Zircon samples and zircon U-Pb dating
The zircon samples were collected from the MS2006 section,
from loess units L1, L2, L3, L5, L6 and L9 (as a reference sample for
the bottom loess unit, Figs. 2 and 5). Samples collected from po-
tential source areas in this study are shown in Fig. 1b, including
fluvial samples from the lower Yellow River, Yiluo River, Qin River
and the Yu River alluvial fan northeast to the MLP. The detailed
location and description of zircon samples including those from
Kong et al. (2014), Bird et al. (2015) and Nie et al. (2015) are shown
in Table S3.
The zircon grains in the size range of 20 mme90 mm were
extracted following the standard procedure of heavy liquids and
Frantz magnetic separation at the Mineral Separation Laboratory of
VUA (Shang et al., 2016) and randomly selected by hand-picking
under an optical microscope and then mounted in epoxy resin
and sectioned approximately in half and polished. Back-scattered
electron images (BSE) were prepared for the zircons to target thespot sites. UePb dating analyses were performed using a Nu Plasma
AttoM single collector ICPMS connected to a PhotonMachine Excite
laser ablation system at the Geological Survey of Finland in Espoo.
Typical ablation conditions were: beam diameter: 20 mm, pulse
frequency: 5 Hz, beam energy density: 2 J/cm2. Raw data were
corrected for the background, laser induced elemental fraction-
ation, mass discrimination and drift in ion counter gains and
reduced to UePb isotope ratios by calibration to concordant refer-
ence zircons, using the program Glitter (Van Achterbergh et al.,
2001). Age related common lead (Stacey and Kramers, 1975)
correction was used when the analysis showed common lead
contents significantly above the detection limit (i.e., >50 cps). All
the ages were calculated with 2s errors and without decay con-
stants errors. 206U/238Pb and 207Pb/206Pb ages were used for ages
younger and older than 1 Ga, respectively. We used a 10e20%
discordance filter to the generated data.3. Results
3.1. Mangshan loess-palaeosol stratigraphy and sedimentology
The carbonate, organic matter and median grain-size records of
section MS2006 are shown in Fig. S2. On the basis of these pa-
rameters a clear distinction can be made between the loess and
palaeosol layers. Palaeosol layers S0 to S5 characteristically consist
of fine-grained sediments, i.e. median grain-size values below
25 mm, with low carbonate contents (1e2%) and slightly, but
consistently, elevated organic matter contents (up to 1.5e2%). In
Y. Shang et al. / Quaternary Science Reviews 182 (2018) 131e143136contrast, loess layers L1 to L6 consist of coarser sediments, with
median grain-size values up to 30e35 mm in the lower part of the
sequence (L3eL6), and up to ~45 mm in loess horizons L2 and L1.
The loess sediments typically show carbonate contents of ~10%, and
low organic matter values (~0.5e0.75%). Distinct layers with high
carbonate content (>10%) e reflecting the presence of carbonate
nodules e occur near the base of palaeosol layers S1, S2, S3 and S4.
A detailed stratigraphic picture of the S0-L1-S1 sequence in
section MS2006, and its correlation with sections MS2008W and
MS2008E, is shown in Fig. S4. Overall, the three sections show
relatively consistent trends in the analysed proxies during the last
glacial-interglacial cycle: glacial loess unit L1 is characterised by
relatively lower magnetic susceptibility of ~5 SI/g, higher carbonate
content of ~10% and a coarser median grain size (30e50 mm), while
a higher magnetic susceptibility (5e10 SI/g), lower carbonate con-
tent (<10%) and finer median grain sizes (20e40 mm) characterise
the interglacial palaeosol units S1 and S0. In addition, higher-
frequency and lower-amplitude patterns are visible in all three
proxy records, within palaeosol unit S1 and especially in the loess
unit L1, pointing to highly variable sedimentation and pedogenic
processes throughout the last glacial-interglacial cycle. The thick-
ness of the loess unit L1 and palaeosol unit S1 decreases from the
northern MS2006 section to the southern MS2008Wand MS2008E
sections (Figs. S1 and S4). For example, the thickness of L1 of the
MS2006 section is about 42m while in the MS2008W, it is around
22m.3.2. Mixing model
The ‘goodness-of-fit’ (r2) statistics were computed for mixing
models with 2e10 end members. The results show that the loess
sediments can be adequately described as mixtures of three end
members (Fig. 3a and b). The three-end-membermodel explains on
average more than 86% of the observed variance in the grain-size
dataset (mean r2 of 0.86 and a median r2 of 0.92, Fig. 3b).
The end members are characterised by unimodal, fine skewed
grain-size distributions (Fig. 3c) with modal particle sizes close to
63 mm (EM-1), 37 mm (EM-2) and 26 mm (EM-3). The sand
(>63 mm): silt (8e63 mm): clay (<8 mm, cf. Konert and
Vandenberghe, 1997) ratio for EM1, EM2 and EM3 are 32:54:14,Fig. 4. (a) Age-depth plot (dashed line) of the loess-palaeosol boundaries in the MS2006 sec
shown in Fig. 2, and corresponding linear sedimentation rate (LSR) estimates per loess and p
and EM2) versus the total mass-accumulation rate (MAR) of all major loess (L1, L2 / L5) and
formula for the MS2006 data set is shown. Data are listed in Table S1 and Table S2.15:76:9 and 2:55:43, respectively. The modelled end members
presented here for the complete Mangshan dataset (Fig. 3c)
resemble those of the upper (S0-L1-S1) Mangshan sequence
(Fig. 3d) presented by Prins et al. (2009) and the CLP loess dataset
(Fig. 3e) presented by Prins and Vriend (2007).
The proportional contribution of the end members with depth
in the MS2006 section is compared to the loess-palaeosol stratig-
raphy and median grain-size record in Fig. 2. An evidently dramatic
increase of the sandy EM-1 in the loess units and palaeosol units
above S2 is present. By contrast, the proportion of clayey EM-3
decreased in the palaeosol units S0 and S1 compared to the lower
units S2, S3, S4 and S5 (Fig. 2c).
A detailed picture of the S0-L1-S1 sequence in sections MS2006,
MS2008W and MS2008E is depicted in Fig. S5. The proportion of
the sandy EM-1 in MS2006 is significantly higher than in the
southern two sections MS2008W and MS2008E which are situated
at a more distant location with respect to the Yellow River flood-
plain (Fig. 1c and Fig. S1), whereas the proportions of the silty EM-2
increase from the northern MS2006 section to MS2008W and
MS2008E (Fig. S5). The clayey EM-3 does not show a clear spatial
increasing/decreasing trend. These trends suggest that the sandy
and silty end-members of the upper three units (S0-L1-S1) of the
Mangshan loess were derived from a nearby source area, the lower
Yellow River floodplain, see below in the Discussion.3.3. Dust flux model
Linear sediment accumulation rate (LSR), mass accumulation
rates (MAR) and fractionated fluxes of the three end-members
(FEM-1, FEM-2 and FEM-3) were calculated for the stratigraphic units
of section MS2006 (S0-L1-S1 / L5-S5) and MS2008W (S0-L1-S1).
Overall, a dramatic increase in the LSR is observed in the upper part
of MS2006 section (above S2) (Fig. 4a). The average SR value for the
upper part of MS2006 section is 36 cm/kyr while for the lower part
(below S2) it is about 11 cm/kyr. In more detail, the SR record shows
an increasing trend from the base (S5) to the top (L1), super-
imposed on a clear glacial-interglacial variability with high LSR
recorded during glacials (loess units) and low LSR during in-
terglacials (palaeosol units).
Fig. 4b shows that bulkMAR values range between ~4 and ~88 g/tion, based on the correlation of the loess-palaeosol record to the target isotope curves
alaeosol unit (solid line). (b) Scatter plot of the ‘coarse fraction’ flux (Fcf, i.e. flux of EM1
palaeosol units (S1, S2 / S5) in MS2006 (and MS2008W, see legend). Linear regression
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palaeosol unit and maximum values in the L1 loess unit. The MAR
values in sectionMS2008W varied between ~22 and ~53 g/cm2/kyr,
with minimum values in the S1 palaeosol unit and maximum
values in the L1 loess unit. Similar to the SR record, the loess units
display higher MAR than the palaeosol units. However, there is a
significant increase in MAR from S2 and above. Note that the MAR
values in palaeosol units S2 (25 g/cm2/kyr) and S1 (50 g/cm2/kyr)
are even higher than the pure loess units L4 (9 g/cm2/kyr) and L5
(22 g/cm2/kyr). Spatially, the loess unit L1 and palaeosol unit S1 of
the MS2006 section also display overall higher MAR values
compared to the units of MS2008W section, which is at a greater
distance from the Yellow River.
The summed fractionated fluxes of the coarse fraction (Fcf¼ FEM-
1 þ FEM-2) are plotted against the bulk MARs of the stratigraphic
units in the sections MS2006 and MS2008W in Fig. 4b. The coarse
fraction and MAR are positively related by the linear regression
equation: MAR¼ 1.10Fcf þ 6.12 (r2¼ 0.98). “6.12” reflects the con-
stant absolute contribution of EM-3 over time. The variations in
relative EM-3 content are thus dominantly caused by a variable
input of end-members EM-1 and EM-2, with a negative relation
between EM-3 and MAR. Similar results have been described by
Prins and Vriend (2007), Prins et al. (2007) and Vriend et al. (2011)
from the CLP.
3.4. The zircon U-Pb age distributions
3.4.1. Mangshan loess-palaeosol sequence
Fig. 5 displays the zircon U-Pb age distributions for the Man-
gshan loess samples next to the loess-palaeosol stratigraphy. All the
loess samples are characterised by two dominant age populations,
one at 200e350Ma (PermianeTriassic population) and the other at
350e550 Ma (OrdovicianeSilurian population). Additionally, there
are several minor age peaks in the ranges of 0e100 Ma, 0.7e1 Ga,
1.5e2.0 Ga and at ca. 2.5 Ga. However, the relative abundance of the
two dominant age peaks (200e350 Ma and 350e550 Ma) varies
from sample to sample. The abundance is almost equal for the
samples from the loess units L1 (MS-L1-1 and MS-L1-2) and L3
(MS-L3) whereas the age population at 200e350 Ma is more
notable in sample MS-L2-1 from the upper part of loess unit L2, and
the peak at 350e550Ma is dominant in the samples from the lower
part of L2 (L2-2), the loess units L5 (MS-L5), L6 (MS-L6) and L9 (MS-
L9).
In order to minimise uncertainty introduced by varying number
of grains analysed for each sample (n¼ 213e347), and to make the
results more statistically meaningful, the zircon ages were grouped
into an upper and a lowerMangshan section. The comparison of the
combined age spectra above S2 (n¼ 1100) to those below S2
(n¼ 903) shows that the age populations 200e350 Ma and
350e550 Ma are dominant in both datasets (Fig. 6a and b),
although, the <100 Ma and the 200e350 Ma age populations
slightly increase (compared to the 350e550 Ma population) in the
upper part of the Mangshan sequence.
3.4.2. Comparison of Mangshan loess with potential source areas
Grain-size analyses and end-member modelling indicated that
the nearby lower Yellow River floodplain is the likely source of the
sandy and silty loess components. The comparison of the zircon U-
Pb age spectra of the Mangshan loess with potential source areas
(Fig. 6) confirm this and indicate that the overall pattern of Man-
gshan zircon U-Pb ages (Figs. 6a and b) is not only comparable to
that of the lower reaches of the Yellow River as sampled at locations
YR-20 and YR-33 (Fig. 1 b; Figs. 6k and l) but also to that of the loess
deposits from the CLP (Beiguoyuan and Lingtai, Fig. 1; Fig. 6c), and
even the upper reaches of the Yellow River (Fig.6m). All thesedeposits exhibit two distinct Palaeozoic age populations at
200e350 Ma and 350e550 Ma (Figs. 6k, l and o). Additionally, the
upper part of Mangshan loess record shows a <100 Ma zircon age
peak (Fig. 6a). The zircon ages of the Mangshan loess are different
from those of the middle reach of the Yellow River (Fig. 6n), which
are characterized by only one dominant Palaeozoic age peak at
200e350 Ma and two old zircon populations at ca. 1850 Ma and ca.
2500 Ma (Stevens et al., 2013; Bird et al., 2015; Nie et al., 2015). The
Qin River and Yu River alluvial fan zircon ages (Figs. 6i and j),
considered to be representative of the provenance signal from the
Taihang Mountains (Figs. 1a and b), are dominated by older zircon
grains with age peaks at ca. 1850 Ma and ca. 2500 Ma, respectively.
The Yiluo River sample e representing the Qinling Mountains
source (Figs. 1a and b) e displays similar double-age peaks at
200e350 Ma and 350e550 Ma (Fig. 6d) as the Mangshan loess
samples, with an additional younger age peak in the range of
60e180 Ma and a distinct peak at ca. 2300 Ma, not present in the
Mangshan loess. TheWei River, with its course north of the Qinling
Mountains (Fig. 1b), forms an important tributary of the Yellow
River and carries sediments that are dominated by the 200e300Ma
and especially the 350e550 Ma age populations (Fig. 6e). Notably,
zircon grains of early Cenozoic age (0e60 Ma) are also present in
the Wei River sediments. Zircon ages of sediments from the San-
men Gorge (Figs.1a and b), including Sanmen palaeolake sediments
(Fig. 6h), fluvial sands of the Sanmen Formation (Fig. 6f) and from
the third and oldest river terrace (T3) of the Yellow River in
Huangdigou (HDG) of the Sanmen Gorge (Fig. 6g) (Wu et al., 1999)
e all exhibit dominant peaks corresponding to 200e350 Ma and
350e550Ma, with twominor peaks at ca.1850Ma and ca. 2500Ma.
Non-metric Multi-Dimensional Scaling (MDS) maps
(Vermeesch, 2013; Vermeesch et al., 2016) are used to visualize the
(dis-) similarities between the zircon age profiles of Mangshan
loess, CLP loess, Yellow River sediments and other potential con-
tributors to the Mangshan loess (Fig. 7). The Mangshan loess plots
close to the samples from the upper reach of the Yellow River and
the CLP loess. The samples from the lower reach of the Yellow River
shows a close link with both the Wei River and the Yiluo River
samples. The samples of the Sanmen palaeolake and the river ter-
races in the Sanmen Gorge are located very close to each other. The
Qin River sample and the Yellow River middle reach sample lie
close to each other but plot away from other samples in the map.
4. Discussion
4.1. Genetic interpretation of the Mangshan loess end-member
model
The end-member modelling results of the Mangshan loess-
palaeosol grain-size record show that the sediments are well
described as a mixture of three different dust components which
are comparable to the averagemixingmodel of the CLP (Figs. 3c and
e) (Prins et al., 2007; Prins and Vriend, 2007). Prins et al. (2007)
interpreted the CLP loess-palaeosol records contain two different
types of aeolian dust supplied from two distinct source areas and/or
reflecting different sediment transport-deposition process. The
sandy (EM-1) and silty (EM-2) loess components represent the
coarse dust fraction transported by low level continental north-
westerly monsoonal winds via modified saltation and short term
suspension processes over relative short transport distances during
major dust outbreaks. By contrast, the clayey loess component (EM-
3) reflects a fine dust component distributed over longer distances
by long-term suspension processes. The fact that EM-1 and EM-2
are dominant in the Mangshan sequences indicates that most of
the Mangshan loess was supplied from a proximal source during
major dust events. The independent mixing model of the last
Fig. 5. (a) Palaeosol (S0, S1/ S5) and loess (L1, L2/ L6) stratigraphy in section MS2006 with red dots showing the level of samples for zircon U-Pb age analysis. (b) Zircon U-Pb age
distributions of Mangshan loess samples. The black lines are normalised probability density function plots (PDP); the orange shades are Kernel Density Estimation (KDE) plots for
different units; the open rectangles are age histograms. The blue rectangle indicates the 0e100 Ma age population while grey rectangles mark the dominant age population
250e350 and 350e550 Ma in the spectra. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Detrital zircon U-Pb ages for samples analysed within this study and the previously published dataset for CLP loess (Bird et al., 2015), the Wei River (Kong et al., 2014), the
Sanmen Formation (Kong et al., 2014) and the Yellow River upper, middle and lower reaches (Nie et al., 2015). The samples' locations are indicated in Fig. 1 and detailed description
are presented in Supplementary Table S3. MS-upper (6a) and MS-lower (6b) are the combined zircon age dataset of samples from the upper part (L1-1, L1-2, L2-1 and L2-2) and
lower part (L5, L6 and L9) of the MS2006 section respectively. Note we excluded sample L3 from the combination dataset because loess unit L3 is a transition period in the
sedimentology of the stratigraphy. The black lines are normalised probability density function plots (PDP); the colour shades are Kernel Density Estimation (KDE) plots for different
units and the open rectangles are age histograms. Vertical dash lines indicate the major age peaks of the spectra.
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Fig. 7. Non-metric multi-dimensional scaling (MDS) map visualising the comparison between the Mangshan zircon age dataset (MS-U and MS-L), the loess of the Chinese Loess
Plateau (CLP Loess), and zircon datasets of fluvial deposits of the Yellow River upper reach (YR-U), middle reach (YR-M) and lower reach (YR-Ln, combination dataset of samples YR-
L, YR-20 and YR-33 in Fig. 6), the Yiluo River (YL-R), the Wei River (WR), the Qin River (QR) and samples of the Sanmen palaeolake (SM-lake) and fluvial sands of the Sanmen
Formation (SM-Fm). The stress value is 0.35%, indicating an “excellent fit” of the data. The solid lines link the closest neighbours and the dashed lines the second closest neighbours.
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(Prins et al., 2009) shows that the clayey or ‘fine silty’ EM3 of the
upper Mangshan sequence (with the mode at 32 mm; Fig. 3d) is
coarser than EM3 of the composite MS2006 section (mode at
26 mm; Fig. 3c). This observation suggests that the new mixing
model allows better to make the distinction between the two types
of dust supply patterns also observed on the CLP.
According to the equation MAR¼ 1.10Fcf þ 6.12 (Fcf¼ FEM-
1 þ FEM-2) (section 3.3), the variation of FEM-3 can be explained as a
result of a “dilution effect” from the variation of the coarse flux FEM-
1 and FEM-2, with high EM-3 content reflecting low MARs and low
EM-3 content reflecting high MARs. Thus, variations in dust flux
during glacials and interglacials are expressed by relative high EM-
3 content in palaeosol units (S1, S2, S3, S4 and S5) and lower
relative EM-3 content in loess units (L1, L2, L3, L4 and L5, Fig. 2c).
The relative content of fine EM-3 in loess units L1, L2 and L3 in the
MS2006 section is significantly lower than in the loess units L4, L5
and L6 in the lower part of the sequence, because of a higher input
of the coarse dust fraction of EM-1 and EM-2 (FEM-1 þ EM-2) in the
loess units L1, L2 and L3, particularly in L1 and L2. This is due to a
dramatically increased dust accumulation rate in the MS2006
section since the deposition of L3 (243e280 ka). It is noticeable that
both median grain size and proportions of modelled end members
of the Mangshan record fluctuate more frequently in the loess units
L1 and L2 and palaeosol unit S1 (Fig. 2). This observation might
reflect more variable climatic conditions during the last two glacial-
interglacial cycles.
The results show a downwind (N-S) thinning and fining trend in
grain-size (Fig. S5). In addition, the proportion of modelled coarse
fraction EM-1 also decreases from the MS2006 section to the more
distal MS2008W and MS2008E (Fig. S1). This spatial grain-size and
EM-1 distribution pattern is also observed over a much larger scale
across the CLP (Prins et al., 2007; Prins and Vriend, 2007). Although
this N-S downwind pattern here is observed over a relatively small
spatial scale (2.0e2.7 km), it likely suggests a proximal source re-
gion to the north of the MLP, i. e the Yellow River floodplain for the
Mangshan loess deposits, and indicates that the near-surface
northwesterly/northerly winter monsoon winds are responsible
for the transportation of the dust from the source area to the
Mangshan Plateau.4.2. Provenance signals of the Mangshan loess sequences
The overall zircon age distributions (Fig. 6) and the MDS map(Fig. 7) show that the Mangshan loess deposits resemble those of
the sediments from the upper and lower reaches of the Yellow
River and of the CLP loess. A genetic link between Yellow River
sediments and CLP loess has already been proposed in previous
studies (Stevens et al., 2013; Bird et al., 2015; Nie et al., 2015). These
studies suggested that the deposits on the CLP are largely derived
from the northeastern Tibetan Plateau (NTP) carried by the Yellow
River and later reworked by aeolian processes. A recent study by
Licht et al. (2016) indicated further that the reworked Yellow River
sediments account for 60e70% of the supply to the CLP dust. The
end member modelling on the grain-size distribution of the Man-
gshan loess deposits imply that the coarse dust fractions EM1 and
EM2 are derived from the Yellow River floodplain just north of the
MLP. Together with the zircon U-Pb age spectra this seems to
indicate that the Mangshan loess deposits have been constantly
supplied by the lower Yellow River floodplain since L9.
Sediments of the upper reach of the Yellow River exhibit two
distinct Palaeozoic zircon age populations at 200e350 Ma and
350e550 Ma matching the NTP provenance signatures. The lower
reach of the Yellow River, after the confluence of Wei River and
Yiluo River, shows a similar zircon age distribution as the upper
reach of the Yellow River (Figs. 6m and o). According to Nie et al.
(2015), this indicates the effects of the Wei River and the Yiluo
River (Fig. 1b) which have brought abundant Phanerozoic zircon
grains with a double peak (200e550Ma) from theWeihe Basin and
Qinling Mountains to the lower Yellow River (Fig. 6), resulting in a
similar signal between the lower and upper reaches despite
different source admixtures. In contrast, the sediments of the
middle reach of the Yellow River are distinctive from the upper and
lower reaches of the river by displaying a prominent single peak
Palaeozoic age population at ca. 300 Ma (Fig. 6n) and two old
Proterozoic age populations at ca.1850 Ma and ca.2500 Ma. These
ages are more similar to the source signals of the Cretaceous
bedrock and Northern China Craton, inherited from a river incision
through Jihshan and Sanmen canyons (Stevens et al., 2013; Bird
et al., 2015; Nie et al., 2015; Zhang et al., 2016). The contribution
of debris from the Taihang Mountains to the lower Yellow River
floodplain seems not significant as only a subdued component of
the older zircon age population (1800e3000 Ma) has been seen in
the lower reach of the Yellow River sediments.
Samples collected in the Sanmen Gorge area (Fig. 1) include
fluvial sands of the Sanmen Formation (SM-Fm) with an age of 1.4
Ma (Kong et al., 2014), lacustrine sands (SM-lake) from the upper
Sanmen palaeolake, and river terrace sands (SM-T3) from the third
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et al., 2007). Sediments of the Sanmen Formation (Fig. 6f) show
similar zircon age distribution pattern as that of the middle reach of
the Yellow River, which has zircon age peaks at ca. 280 Ma, ca. 1850
Ma and ca. 2500 Ma. This suggests that the Yellow River has flowed
through Sanmen Gorge since 1.4 Ma (Kong et al., 2014). The
lacustrine sands of the Sanmen palaeolake (Fig. 6h) and the river
terrace sample (SM-T3, Fig. 6g) also display a dominant zircon age
peak at ca. 280 Ma, suggesting a major contribution of the middle
reach of the Yellow River sediments. However, it is interesting to
note that compared to the other samples from the Sanmen Gorge,
the zircon age of the Sanmen palaeolake (SM-lake, Fig. 6h) and the
river terrace sample (SM-T3, Fig. 6g) show an increase in the
350e550Ma age populationwhich is the dominant age component
in sediments from the Wei River (Fig. 6e). Consistent with the age
distribution patterns, the Sanmen palaeolake sample also lies close
to the Wei River in the MDS map (Fig. 7). Based on the zircon
provenance signal, Kong et al. (2014) concluded further that the
Wei River primarily flowed through the Sanmen Gorge 1.3e1.5 Ma
ago and then was followed by the Yellow River, which started to
flow through the gorge from 1.3 to 1.4 Ma ago. As the time range
provided by Kong et al. (2014) for the Yellow River and Wei River
running through Sanmen Gorge largely overlap, it seems that both
rivers flowed into the Sanmen palaeolake before it drained through
Sanmen Gorge at around 1.3 Ma.
4.3. Implications from the sedimentological and provenance
variations of the Mangshan loess-palaeosol sequences
The zircon U-Pb age data reveal that provenance signals of the
upper and the lower reaches of the Yellow River dominate the
Mangshan loess deposits from L9 to L1 (~900 ka to 15 ka), implying
that the lower Yellow River floodplain has consistently served as
the main source supply for the MLP since 900 ka. This conclusion is
in agreement with results from Pan (2005), Hu et al. (2012), Kong
et al. (2014) and Hu et al. (2017), showing that the Yellow River
has flown through Sanmen Gorge at least since the early Pleisto-
cene. Therefore, the observed dramatic increases in Mangshan
Loess grain size and sedimentation rate since S2 could result from
(1) approaching of the source area or extension of the floodplain of
the lower Yellow River, (2) an increased sediment supply from the
lower Yellow River, or (3) an increased wind strength. Because the
sedimentation rate and grain size below and above palaeosol unit
S2 in the loess-palaeosol sequences from the CLP (Vandenberghe
et al., 1997; Ding et al., 2002; Sun, 2004; Sun and An, 2005; Sun
et al., 2006) do not show a similar abrupt change as demon-
strated in theMangshan loess (Zheng et al., 2007), it is unlikely that
winter monsoon intensity related wind strength changes played an
important role. Thus, the sudden shift in sedimentology in the
Mangshan sequence since 240 ka most probably arose from either
the increased sediment supply of the lower Yellow River or the
advance of its floodplain towards the MLP, or both.
Hu et al. (2012) found that the average incision rate of the Yellow
River to the north of the Weihe Basin (Fig. 1b) increased dramati-
cally since 240 ka as a result of local tectonic uplift. A recent study of
the sedimentological infill of the Weihe Basin also suggests an
increased incision rate of the fluvial system at approximately 240
ka resulting from enhanced tectonic activities (Rits et al., 2017). The
finding suggests that differential tectonic movements in the Weihe
Basin resulted in an increased sediment transfer propagating
through the Sanmen Gorge. As a consequence, a wider alluvial fan
system formed to the east of the Sanmen Gorge, next to the MLP
(Fig. 1b). As this fan system served as a primary source for the MLP
from ~240 ka onwards (Zheng et al., 2007), the accumulation rate
on the plateau would have increased dramatically. An additionaltectonic explanation for the observed sedimentation rate increase
is the migration of the lower Yellow River floodplain towards the
Mangshan Plateau. The high scarp present along the northern and
eastern limits of the MLP is the result of lateral erosion by river
action, and evidences a southward migration of the lower Yellow
River floodplain during the late Pleistocene. The migration pro-
vided a more proximal dust source area for the Mangshan loess
deposits. The southward migration are probably induced by subtle
vertical motions related to NW-SE directed faults in the subsurface
(Hao et al., 2008; Zhang et al., 2008).
5. Conclusions
The Mangshan loess-palaeosol record provides a high-
resolution archive of dust supply from the Yellow River flood-
plain. The high accumulation rates, the coarse-grained character of
the loess, and the distinct thinning and fining of the loess deposits
in a north-south direction, clearly indicate increased coarser dust
supply from the Yellow River floodplain to the Mangshan Plateau
during the last two glacial-interglacial intervals. An independent
provenance record by single grain zircon U-Pb ages confirms the
lower Yellow River floodplain as the likely main source for the
Mangshan dust deposits, at least since loess unit L9 (900 ka). This
implies that the Yellow River incised the Sanmen Gorge before 900
ka (~MIS 22, i.e. late Early Pleistocene). The dramatic sedimento-
logical change in the Mangshan sequences above S2 most likely
originates from the tectonic activity in the Weihe Basin since 240
ka. This resulted in accelerated incision rate of the fluvial systems
and associated release of eroded material through Sanmen Gorge
towards the lower reach of the Yellow River floodplain. Meanwhile,
a simultaneous southward migration and lateral erosion of the
(lower) Yellow River resulted in a more proximal location of the
dust source area, all contributing to increased loess deposition on
the Mangshan Plateau during the late Pleistocene.
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